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Models of Granular Giant Magnetoresistance
Multilayer Thin Films

John O. Oti, Stephen E. Russek, Steven C. Sanders and Ralph W. Cross

Abstract—Phenomenological micromagnetic and large-scale
magnetization-dependent models of resistivity that produce
giant magnetoresistance in granular multilayer magnetic thin
films are described. Included in the models are intralayer and
interlayer scattering components formulated explicitly in terms
of the microstructural properties and characteristic transport
lengths of the medium. The micromagnetic model provides in-
sight into the influence of the magnetization distribution on the
giant magnetoresistance response of the medium. The large-
scale model which is derived from the micromagnetic model, is
useful for obtaining media transport parameters from experi-
mental data. Both models are used to study a set of annealed
NiFe/Ag multilayer films,

I. INTRODUCTION®

ECENTLY described annealed multilayer (or gran-

ular-multilayer) films hold great promise as very sen-
sitive giant magnetoresistance (GMR) materials for read-
head designs in ultra-high-density magnetic recording
systems [1], [2], [3]. These films are prepared by a method
first described by Hylton et al. [1] for a NiFe/Ag system
in which a sputtered continuous NiFe/Ag film is subjected
to moderate thermal annealing. Due to the immiscibility
of the NiFe and Ag phases, Ag penetrates the initially
touching NiFe grain boundaries causing the grains to sep-
arate from each other. This effect increases with anneal-

ing temperature. The. grains stack in a columnar structure -

through the magnetic layers. Magnetization misalignment
in the magnetic layers at low fields, which is necessary
for GMR, occurs through the relatively weak magneto-
static interactions between the magnetic layers. As a con-
sequence, the saturation field needed to again bring the
magnetization of the layers to parallel alignment is much
less than those of continuous multilayer films, [4], [5] for
which the misalignment mechanism is an antiferromag-
netic exchange coupling between the magnetic layers.
Slonczewski [6] has shown that magnetostatic interac-
tions in NiFe/Ag systems can lead to complete misalign-
‘ment of the magnetization of adjacent layers, for inter-
granular separations of the order of 0.6 to 1 nm. Fig. 1
shows GMR response (relative resistance AR/R versus
field) curves of NiFe/Ag granular-multilayer films that we
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Fig. 1. (a) GMR response curves of annealed NiFe/Ag multilayers as
functions of anneal temperature T; (b) Amplitude and full width at half
field maximum (FWHM) of GMR response curves as functions of anneal
temperature.

have fabricated, as a function of anneal temperature 7.
The amplitudes of the AR/R curves first increase with an-
neal temperature; attaining a maximum at about T =
340°C before decreasing with further increase in temper-
ature (Fig. 1b), and the widths of the AR/R curves in-
crease with temperature. Curves such as the T = 340°C
curve of Fig. 1, displaying the largest GMR amplitude of
a set of curves obtained for different anneal temperatures,
will play important roles in the theory we develop below.
These curves will be called dominant GMR curves, which
are assumed to have almost perfect magnetization mis-
alignment between the layers at zero field.

GMR arises from differential spin-dependent scattering
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of conduction electrons as they move through a magne-
tized material [7]. For GMR to be observed in a multi-
layer film, the separation between the magnetic layers
must be smaller than either the electron mean free path or
the electron spin diffusion length depending on the cur-
rent-flow geometry. Both lengths are temperature depen-
dent. The mean free path measures how far an electron
travels in the material without experiencing phonon or im-
purity scattering which randomizes the electron’s momen-
tum, while the electron spin diffusion length measures the
distance of travel before an electron’s spin is reoriented.
Two directions of current flow in the device are usually
of interest: The current-in-plane (CIP) direction in which
current flows parallel to the film plane, and the current-
perpendicular-to-plane (CPP) direction in which current
flow is normal to the film plane. The GMR effect is pro-
duced by electrons whose spin directions are conserved in
making the transition from one magnetic layer to an ad-
jacent layer. Therefore in both CIP and CPP directions,
GMR is not observed for interlayer separations greater
than the spin diffusion length. Additionally, in the CIP
direction, the interlayer separation should remain smaller
than the mean free path if GMR is to be observed. For
separations larger than the mean free path, the scattering
of electrons in the nonmagnetic spacer layers, prevents
the electrons from sensing adjacent magnetic layers. The
mean free path plays a secondary role in CPP direction,
since the current will always pass through the magnetic
layers which lie perpendicular to the current path.
Theoretical investigations of GMR can be grouped into
two broad categories: The electron transport models and
the phenomenological models. Electron transport models
use scattering potentials that are obtained from first prin-
ciples to account for bulk and interface scattering [8].
They are physically realistic but rely on too many param-
eters that are not always easily ascertained experimen-
tally. In traditional phenomenological models, the modi-
fication of the intrinsic resistivity of a multilayer GMR
film due to spin-dependent scattering is modeled as being
proportional to the cosine of the angle between the mag-
netization of the magnetic layers [9], [10], [11]. These
models correctly predict the nature of the dependence of
GMR response on the magnetic state of the medium but
do not provide insight into its transport properties. The
models we present in this work combine the standard phe-
nomenological approach of modeling resistivity change
with an explicit dependence on the microstructural di-
mensions and characteristic transport lengths of the me-
dium, :
The remainder of the article is organized as follows:
First a micromagnetic GMR model that takes into account
the detailed magnetization state of the medium is de-
scribed. The micromagnetic model is used to simulate the
effects of temperature annealing in NiFe/Ag films. This
is followed by the description of a large-scale model de-
rived from the micromagnetic model; the large-scale
‘model is tested using the micromagnetic model. The
models are described for the CIP geometry only.

z

Fig. 2. Schematic of neighboring grains in adjacent layers of a granular
multilayer film.

II. MICROMAGNETIC MODEL

We begin our discussion of the micromagnetic model
with Fig. 2, which shows schematically a few neighbor-
ing grains of two adjacent magnetic layers of a multilayer
film. For ease of discussion, we consider a double-layer
film with magnetic layers of equal thicknesses. General-
ization to film samples having more than two magnetic
layers, and to magnetic layers of unequal thicknesses sep-
arated by interlayer separations of different lengths is
straightforward. The indicated geometry and associated
micromagnetic calculation techniques correspond to those
that have been described elsewhere [12]. In the figure,
each magnetic grain has a square cross section of length
D in the film plane (the x-y plane) and a thickness ¢ in the
7z direction; A is the distance between the centers of ad-
jacent grains within a magnetic layer and d is the sepa-
ration between the magnetic layers. A target grain (la-
beled O in Fig. 2) has four nearest neighbors (grains 1-4)
within the layer and one nearest neighbor (grain 5) at the
corresponding position in the other magnetic layer.

The change in resistivity in an applied field is assumed
to have a intralayer component due to electron scattering
within a magnetic layer and an interlayer component due
to scattering involving two adjacent layers. The interlayer
component is proportional to the cosine of the angles be-
tween the magnetization of nearest-neighbor grains in ad-
jacent layers. The intralayer component on the other hand
is proportional to the cosine of the angles between the
magnetization of a grain and its nearest neighbors within
a magnetic layer. For simplicity, self-field effects [13] due
to current flow in the sample will be neglected in this
treatment. The CIP direction will be taken to coincide with
the y-axis. The resistivity of the target grain of Fig. 2 for
a given magnetization state of the medium is expressed

p:P5+5Pr+5P1

ps{l + x,o,[1 — gifag + (fay + 1, + 1y + 1Y)
+ xioq(1 — iy - fag)}, ‘ 0y

where p, is the average resistivity of a grain; p,, 0p; are
intralayer and interlayer components of the resistivity
change; x,, x; are intralayer and interlayer material-de-
pendent cofactors; o, > 0, oy > 0 are intralayer and in-



IEEE TRANSACTIONS ON MAGNETICS, VOL. 32, NO. 2, MARCH 1996

592
—1
Z
D
o * " . 1
— 1Y
¥
/j// e\\\ d
C —1 L T T ]
A ,
v(a)
o ]
oLAy  — —

(b)

N 1 r

— 1
L 2a-D |
©

Fig. 3. (a) Cross section of adjacent magnetic layers showing intralayer
and interlayer electronic flow (denoted by €) among the grains (the rect-
angles). The dashed lines mark the boundaries of the limiting region inside
which an electron originating from the center of the faces is assumed re-
stricted; (b) incidence cross section for intralayer scattering (hatched re-
gion); (c) incidence cross section for interlayer scattering (hatched region).
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terlayer scattering probability parameters; i is unit mag-
netization vector; and ¢ is the reciprocal of the number of
nearest neighbors of the target grain within a magnetic
layer. For double-layer films simulated in this article, ¢
= 1/4 and (1) holds. For films having more than two mag-
netic layers, the expression for the resistivity of a grain
in an internal magnetic layer (not shown in Fig. 2), con-
tains the additional térm p,x; (1 — 1y - 1), to account
for an additional neighbor with magnetization Iitg in an
adjacent magnetic layer. The parameters x,, x; depend on
the intrinsic properties of the medium while «,., or; depend
on the geometrical properties of its microstructure. As can
easily be deduced from (1), p, and 6p; vanish at satura-
tion when the medium is in a uniformly magnetized state
whereupon p attains a minimum value p;. The resistivity
of a grain attains a maximum of p; + 2p,x,0, + 20, x;0;
if its magnetization is directed antiparallel to those of its
nearest neighbors. The resistance of each grain can be
found from its resistivity by use of the formula (resistivity
x length)/area, which yields o/t in the CIP direction.

We shall now derive expressions for the scattering pa-
rameters «, and «;. These expressions will explicitly con-
tain the microstructural’ and transport. properties of the
medium. The forms these dependencies take are arrived
at by means of a heuristic treatment of electron transport
in the medium. All references to an electron in the dis-
cussion are in the statistical sense.

Electronic flow within a magnetic layer and between
layers are shown schematically in Fig. 3(a). It is assumed
that the most significant scattering events are those oc-
curring between the surfaces of nearest neighbors. As

pointed out above, the degree to which an electron orig-
inating from a face is scattered between grains is deter- -
mined by either the mean free path or the electron spin
diffusion length. Call such a limiting characteristic length
\; then, to a first approximation the probability of an
electron originating from one magnpetic site and under-
going spin-dependent scattering at another magnetic site
a distance w away can be considered propertional. to
exp(—w/\). The probabilities of intralayer and interlayer
scattering then are dependent respectively on exp(—g/N)
and exp(—d/N), where g = A — D is the in-plane gap
length between grains. Generally A will be a tensor that
depends on the direction of current, but for simplicity we
will treat it here as a simple scalar. An exponential decay
of spin polarized electron flux is consistent with the dif-
fusion of polarized electrons within the nonmagnetic sep-
aration layers. Such a variation has been observed by
Dieny e al., in spin-valves [14] and, as-explained later,
our mode] applies to spin-valves as a special case.

We assume that the electron flux emanating from a grain
will divide in proportion to the areas of the bounding faces
of the grain. The relative scattering probabilities of the
faces depend on the amount of electron flux through them.
The area of a side face is equal to ¢D and that of a bottom:
or top face of a grain is D?, thus the electron flux will
divide between the side, and bottom or top faces as
tD/(tD + D?) and D*/(tD + D?) respectively. The scat-
tering probabilities are thus further modified by these fac-
tors. : :

The fraction of the terminal electron flux that actually
impinges on a neighboring surface is determined by an
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incidence cross section in the direction of electron flow.
We define incidence cross sections for intralayer and in-
terlayer scattering as shown in Fig. 3(b,c). Each inci-
dence cross section spans the area occupied by a grain and
its nonmagnetic boundary region up to the nearest neigh-

bors of the grain. The fraction of the area of the incidence .

cross section that is occupied by magnetic material affects
the scattering probability of electrons at the grain surface.
The scattering probabilities are therefore multiplied fur-
ther by these fractions which are equal to tD/(24 — D) (2d
+ 1) and D*/(2A — D)* for intralayer and interlayer scat-
tering. Evidently these factors are proportional to the
packing factor p = (D/A)* of a magnetic layer (the frac-
tion of the surface area of a film that is occupied by mag-
netic material). With these considerations in mind, the
scattering parameters for a grain of an internal magnetic
layer can now be expressed as

tD tD
— —g/N _ -2/
& {zp + DZ} i(2A —“D)2d + t)} ¢ Qre ™7

2

and

— D2 D2 —d/Nn __ —d/\
= {tD n 02} {(2/1 - D)2} e =0 0O

where Q,, Q; are the geometric parts of the scattering pa-
rameters. The intralayer scattering cross section for the
first and last magnetic layers of a multilayer film, is
roughly half of that shown in Fig. 3(b). For these layers
a geometric factor tD/[(24 — D)(d + 1)] should be used
instead in (2).

The formulation given above attributes identical scat-
tering mechanisms to intralayer and interlayer scattering.
The effectiveness of these components depends on the mi-
crostructural geometric properties of the medium. For
media with oblate grain shapes, having D >> ¢, the in-
terlayer scattering component dominates the intralayer
component. Such is the case for annealed NiFe/Ag mul-
tilayer films. Thus, using the typical values for annealed
NiFe/Ag multilayer films of D = 50 nm, A = 51 nm,
t =2nm, and d = 4 nm in (2) and (3) yields Q,/Q; =
0.008. These values are typical of those used in the sim-
ulations presented in this article. Consequently, the intra-
layer term in (1) can be neglected to obtain

p = ps +0p; = ps[1 + xy0;(1 ~ 1iag - thg)]. 4

Given a magnetization distribution of the medium, the
grain resistances obtained with (1) or (4) are used in an
equivalent electrical circuit as shown in Fig. 4 to obtain
the total resistance of the medium. The magnetization dis-
tribution in the medium depends on the external applied
field, the relative strengths of the internal magnetic inter-
actions (magnetostatic, exchange, anisotropic etc.) and
the history of the magnetization process [12]. As the num-
ber of magnetic layers increases, the effects of long-range
magnetostatic interactions become increasingly impor-
tant. The layering of the electrical equivalent circuits will

ZQX

Fig. 4. Equivalent electrical circuit for the current-in-plane direction, used
in the micromagnetic model to represent the effects of scattering between
an adjacent pair of magnetic layers. The figure illustrates a hypothetical
medium in which each magnetic layer is composed of a 3 X 3 array of

grains.

also change to reflect the additional magnetic layers. A
glossary of the variables appearing in the formulation of
the micromagnetic model is given in the appendix.

III. LARGE-SCALE MODEL

We now formulate a large-scale phenomenological
model that approximates the micromagnetic model in the
case when the dominant scattering is interlayer scattering.
As before, we consider films having magnetic layers of
equal thicknesses and identical interlayer separations. Mi-
nor modifications to the theory can be made to extend it
to films with unequal magnetic layers and different sepa-
rations. We begin with an expression for the mean resis-
tivity p,, of a magnetic layer. This expression is formally
chosen to resemble (4):

oulH) = <0y + 0pm = <o {1 + xall — CEDI},
5)
where

(D%

Py —anm
a-<(2A_D)2>e . : 6)

In (5) and (6), {p,> is the mean resistivity at saturation of
a magnetic layer, « is an interlayer scattering parameter,
6p,, 1s mean resistivity change, C is a mean interlayer
magnetization correlation coefficient that expresses the
degree of alignment between the magnetization of adja-
cent magnetic layers, A is a characteristic electron scat-
tering length, x is a material-dependent cofactor, and the
notation (..) denotes averaging. Scattering length A is
assumed to be independent of annealing conditions for all

the samples obtained from the same unannealed continu-
ous multilayer film base. In the context of the micro-
magnetic model, parameter C represents a correlation fac-
tor ¢ defined as ¢ = (Xy_ (g *+ ™s))/(N — 1), where
the outer summation in the numerator is over the N — 1
interlayer regions of a film of N magnetic layers. C and ¢
vary between the values +1 and —1 corresponding to the
complete parallel and antiparallel orientation of the mag-
netization of the layers. An equivalent circuit of the large-
scale model in the CIP direction is illustrated in Fig. 5.
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Fig. 5. An equivalent electrical circuit used in the large-scale model for
representing the effects of interlayer scattering in the current-in-plane di-
rection.

The resistance of a magnetic layer is given by p,,L,/(L,1),
where L, and L, are the lengths of the active area of the
sample along the x and y axes.

The linear dimensions appearing in (6) can be obtained
from experimental microstructural analyses of the sample
such as its transmission electron micrograph. The dimen-
sions of the sample whose GMR response is the dominant
GMR curve, are used to obtain A. The additional sub-
script d is used below to denote the parameters of the
dominant GMR curve. An approximate value for the scat-
tering parameter ¢, of the dominant GMR curve is found
by assuming that the maximum correlation factor of the
dominant GMR curve C,y 4 is equal to the antiparallel
value of —1. We write for the dominant curve

éﬁ — Rmax,d _ 1 _ (1 C .
R max,d - Rs,d - Xafi max,d), ( )

from which follows

1 (AR) 1 <AR> @®
Oy = ——————_\ —=— ~ — | — .
¢ X(l - Cmax,d) R max,d 2X R max,d

Making the substitution o = ¢, in (6) and solving for A
we obtain

d ,
A= <1 (D% > ®
In{ — " m
ay (2A — D))

A obtained from the dominant curve data can now be used

in (6) to obtain estimates of « for the other samples. These

- values of « will be different from each other because of

the differences in the microstructural geometric properties

of the samples. The variation of the correlation factor of

a sample with applied magnetic field is obtained from (5),

from knowledge of « and the GMR response curve,
AR/R(H):

CH) =1- % (H) l (10)

R o

Other functional dependencies besides an exponent can
be used to model the spatial attenuation of electron flux,
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and other variations to the models are possible with regard
to considered equivalent electrical circuits and ‘the defi-
nitions of scattering cross sections. The theory is also ap-
plicable to spin-valve structures. In this case, the lengths
A and D are equal, and any GMR response curve can serve
as the dominant curve. For exponential flux attenuation
and fixed lengths ¢ and d of the magnetic layers, the
expression for the scattering parameter of the large-scale
model reduces to

a=e" (11

For spin valves, the form of the spatial attenuation of
the electron flux is given experimentally by the depen-
dence of the GMR amplitude on interlayer separation 4.
If the value C for a particular field is known, this can be
used with the measured mean resistivity p,, (at the given
field) in (5) to obtain x. A glossary of the variables ap-
pearing in the formulation of the large-scale model is
given in the Appendix.

IV. SIMULATION AND EXPERIMENT

The micromagnetic model was applied to double-layer
(NiFe/Ag/NiFe) films whose magnetization distributions
were obtained using a previously described double-layer
magnetization model [12]. In the magnetization model,
each magnetic layer is simulated by a rectangular array of
discrete parallelopiped elements representing the grains
of the layers as shown in Fig. 2. Each grain has a fixed
magnitude magnetic moment which is allowed to dynam-
ically relax (in three dimensions) in the presence of an
external field, an effective exchange field, an effective an-
isotropy field and a magnetostatic field. The magnetic lay-
ers are characterized by distributions of exchange, an-
isotropy, and magnetostatic parameters among the grains.
All the simulation results presented in this article were
obtained for a grain size D of 50 nm, a magnetic layer
thickness ¢ of 2 nm, and an interlayer separation d of 4
nm. The magnitudes of the magnetization of the grains
were selected at random from a 50 kA/m interval centered
about a mean value of 500 kA/m. This introduces some
inhomogeneity in the magnetic properties of the grains.
Each grain had a uniaxial crystalline anisotropy of strength
5 x 10 J/m°, and the anisotropy easy axes were oriented
randomly among the grains. Cofactor values x = x, = Xy
= 1, were used for all the simulations présented in ‘this
article.

The contribution AH,, to the effective exchange field
acting on a grain of magnetization M due to.a nearest
neighbor of magnetization M, a distance w from it, is
calculated using the expression [12]

Axe

— 5~ 1, (12)

AH,, =
ex MA

where A* is a phenomenological exchange parameter. For
intralayer exchange interactions w = 4 — D, and for in-
terlayer exchange interactions w = ¢. The parameter £ is
arbitrarily chosen such that the exchange' strength de-
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creases tenfold over a distance equal to the exchange
fength [ = (24*/M*)'?, that is by setting A*e ¥ = 0.14*.
This simulates the expected reduction in exchange cou-
pling between the grains as the gap between them in-
creases.

Each magnetic layer was simulated by a 20 X 20 array
of elements yielding active sample areas of roughly 1 X
1 pm. Continuity of the sample along the y axis was mod-
eled by imposing periodic boundary conditions in this di-

rection. An initial magnetization distribution was created .

in the sample by allowing it to relax starting from a uni-
formly magnetized state in the y direction with no external
field applied. A gradually increasing uniform transverse
field (parallel to the x axis) was then applied to the sample
up to 40 kA/m. The ficld was then gradually reduced to
0 and increased in the negative direction up to 40 kA/m.
GMR response curves plotted in this article are for field
excursions from 40 kA/m to —40 kA/m.

The large-scale model was tested by applying its equa-
tions to GMR response curves obtained using the micro-
magnetic model and seeing how well it predicted media
characteristics deliberately fed into the micromagnetic
model. Exchange interactions were neglected in these cal-
culations. Media dimensions corresponding to the physi-
cally relevant condition d/\ < 1 (which is necessary for
the observation of GMR) were considered. In this calcu-
lation, the GMR curves obtained with the micromagnetic
model for each specified A\, were treated as dominant
GMR curves. The corresponding o, values for each curve
obtained using (8) were then used in (9) to obtain A. The
micromagnetic model was used to calculate the increase
in GMR response, as A increased. Values of A calculated
using (9) for gap lengths ¢ = 1.5 nm and 5 nm are listed
in Table I together with the values of X used as inputs in
the micromagnetic model. The maximum correlation fac-
tOT Cpay Using the micromagnetic model, that is obtained
for the g = 1.5 nm sample is 0.81, and is —1.0 for the
g = 5 nm sample. The latter value was assumed in deriv-
ing (9), and, as seen in Table I, the error incurred is
smaller for A calculated from this sample.

The maximum correlation factors calculated with the
micromagnetic model for different media packing factors
(corresponding to varying gap length g), using A = 5 nm,
are compared with those predicted by the large-scale
model in Table II. These calculations were carried out by
using as the dominant curve, the GMR response curve of
the g = 1.5 nm media. This is the dominant curve of a
set of curves obtained in simulating the effects of anneal-
ing, as discussed in the next section. The remanent mag-
netization distribution in this sample is shown in Fig. 6.
As seen in the figure, away from the edges of the device,
the magnetization of grains in corresponding locations in
the magnetic layers tends to align antiparallel to each
other. This reduces the total magnetostatic energy of the
sample. Edge pinning effects prevent the antiparallel ori-
entation of magnetization of the edge grains. The A cal-
culated from the dominant curve (A = 4.8 nm in Table I)
was used in (6) to obtain a set of « values that were used

TABLE I
COMPARISON OF SCATTERING LENGTHS: A IS SPECIFIED IN THE
MICROMAGNETIC MODEL AND TWO SETS OF A ARE PREDICTED USING THE
LARGE-SCALE MODEL FOR MEDIA WITH INTERGRANULAR GAP LENGTHS OF g
= 1.5 nm AND 5 nm.

g=15nm g=50nm
A, nm
A, nm Error, % A, nm Error, %
4 3.7 7.5 4.0 0
5 |48 4.0 49 2.0
7 6.5 7.1 6.8 2.8
10 90 - 1100 97 3.0
12 10.6 11.6 11.6 3.3
15 12.9 14.0 14.4 4.0
TABLE II

COMPARISON OF MAXIMUM CORRELATION FACTORS CALCULATED USING THE
MICROMAGNETIC MODEL Cpyx AND THE LARGE-SCALE MODEL Cy,x FOR
DIFFERENT INTERGRANULAR GAP LENGTHS g.

g nm Conax Coax
0.5 0.63 0.55
1.0 -0.55 -0.72
1.5 -0.81 -1
5.0 -1 -1.1
10.0 -1 12
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Fig. 6. Remanent magnetization distributions in the magnetic layers of a
double-layer medium having an intergranular gap length of g = 1.5 nm.
The arrows represent the projections of the magnetization vectors of the
grains in the x-y plane.

in (10) to obtain Cp,, for the different samples. The pre-
dicted maximum correlation factors Cy,, are less than their
exact values in view of the underestimation of C inherent
in the derivation of (10); unrealistic correlation factors are
even predicted for g = 5 nm and 10 nm. In practice, such
unrealistic results offer a means of modifying Cpay, 4 in (8)
to obtain better predictions. To achieve this, Cyay, 4 should
be replaced by 1/C, in (8), where C, is the maximum un-
realistic C value obtained in the initial calculation (such
as C, = —1.2 in Table II). Correlation factor profiles cal-
culated with the micromagnetic magnetization model and
predicted with the large-scale model are plotted in Fig. 7
for a sample having g = 1 nm.

V. MODELING EFFECTS OF ANNEALING

The micromagnetic model was used to simulate the
probable effects of annealing on the microstructure of a
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Fig. 7. Correlation factor profiles calculated with the large-scale model

(LSM) and micromagnetic model (MM) for double-layer medium having
an intergranular gap length of g = 1.0 nm.

double-layer film. To first order, the effect of increased
annealing can be simulated by assuming that the grain size
remains unchanged while the gap length g increases with
anneal temperature. Figure 8(a) shows GMR response
curves of a double-layer film calculated with the micro-
magnetic model, using (4), for gap lengths g = 0.5, 1.5
and 5 nm and no exchange interaction between the grains.
A characteristic length A = 5 nm was used in the calcu-
lations. Figure 8(b) shows a plot of the amplitude of the
response curves as a function of gap length. In this figure
the ball-Iike plot symbols represent data obtained for sam-
ples in which was absent intergranular exchange interac-
tion. As seen from the plots, the amplitude of the response
curve first increases with g, attaining a maximum at about
g = 1.5 nm before decreasing with further increase in g,
and the width of the response curve increases with g. The
increasing misalignment of the remanent magnetization of
the layers with increasing g (Fig. 6), accounts for the ini-
tial rise in the curve of Fig. 8(b). Beyond g = 1.5 nm the
effect of less frequent interlayer scattering due to de-
creased packing factor of the medium, begins to surpass
the effect of magnetization misalignment leading to a fall
in the amplitude curve. Reduced cooperative switching of
grains (and thus the manifestation of individual grain ro-

“tation) as g increases is responsible for the broadening of
the response curves with increasing g.

This model of annealing ignores the impact on media
microstructure of an expected conservation of media vol-
ume, especially at large gap lengths. A more plausible
explanation of the effects of annealing is perhaps that the
gap length ceases to grow beyond a certain value, while
the bridging of magnetic grains of neighboring layers
across the nonmagnetic spacer layers sets in, intensifying
with increased annealing [15]. This may result in in-
creases in the effective ferromagnetic exchange interac-
tions between the magnetic layers. We simulate this effect
by obtaining the initial rise of the plot of Fig. 8(b) as
before, and then by keeping g fixed at 1.5 nm, gradually
increasing ferromagnetic exchange coupling between the
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magnetic layers. The values of interlayer exchange con-
stants A* shown in Fig. 8b are those that yield GMR am-
plitudes that coincide with the plotted ones obtained with
the first model of the effects of annealing. The widths of
the response curves decreases with increasing A* accom-
panied by a corresponding increase in sensitivity (Fig. 9).
Thus, to simulate the broadening of response curves, grain
anisotropy strength or g should be increased somewhat.
A* is expected to increase with decreasing interlayer sep-
aration d. A behavior similar to that described above was
recently reported in NiFe/Ag multilayer films in which d
was systematically varied [2]. The existence of grain clus-
ters and nonmagnetic voids in the magnetic layers may
affect the GMR responses in other ways.

VI. SUMMARY

We have described magnetization-dependent micro-
magnetic and large-scale models of GMR in granular-
multilayer magnetic films. Our formulation incorporates
the interplay between the microstructural and transport
properties of the films. The micromagnetic model offers
a detailed picture of how the magnetization inside the films
affects GMR response. The large-scale model, which is
applicable to samples with oblate grains, is useful for ob-
taining important media parameters from experimental
data. The parameters of the models are determined from
independent measurements of GMR response curves and
the microstructural dimensions of the films. When applied
to the response curves generated by the micromagnetic
model, the large-scale model accurately predicts media
parameters deliberately fed into the micromagnetic model.
Both models were used to study experimental tempera-
ture-annealed NiFe/Ag films. The micromagnetic model
consistently replicated known trends in the GMR behav-
ior of the films for different annealing conditions and film
dimensions. ’

APPENDIX

This appendix contains a glossary of variables that are
used in the formulation of the models described in the
text. Two sets of variables are given for the micromag-
netic and large-scale models. The variables for the large-
scale model are divided into input variables to be deter-
mined by experiments, and output variables to be ob-
tained by the model. )

Micromagnetic Model

grain size

D

A distance between centers of adjacent grains
within magnetic layer

t thickness of magnetic layer

d separation between adjacent magnetic layers

o resistivity of grain

O resistivity of grain at saturation

Xr material-dependent intralayer cofactor (see (1))

X7 material-dependent interlayer cofactor (see (1))

dp,  intralayer resistivity ‘change
6p; interlayer resistivity change

o, intralayer scattering parameter

o interlayer scattering parameter

A model-dependent electron characteristic trans-
port length

g gap length between grains within a magnetic
layer

o, geometric factor of o,

0O geometric factor of oy

A* exchange constant

magnetization vector

unit magnetization vector

exchange length

correlation factor of magnetization between the
magnetic layers

¢ exchange exponential parameter

AR/R relative change in resistance (GMR response)

o ~5Z

Large-scale Model
Inputs

(D) Average grain size

(A» Average distance between centers of adjacent
grains within magnetic layer

d same meaning as indicated above

Om mean resistivity of magnetic layer

{ps> mean resistivity of magnetic layer at saturation

0p,, - change in mean resistivity of magnetic layer

X material-dependent co-factor (see (5))

o interlayer scattering parameter

t same meaning as indicated above

L., L, lengths along the x and y axes of active region
of sample

Outputs

C correlation factor of magnetization between
magnetic layers

A model-dependent electron characteristic trans-
port length ~

AR/R same meaning as indicated above
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